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Abstract

Background Chimeric antigen receptor-modified T cells (CAR T-cells) have shown exhilarative clinical efficacy for hema-
tological malignancies. However, a shared antigen pool between healthy and malignant T-cells remains a concept to be
technically and clinically explored for CAR T-cell therapy in T-cell cancers. No guidelines for engineering CAR T-cells
targeting self-expressed antigens are currently available.

Method Based on anti-CD70 CAR (CAR-70) T-cells, we constructed CD70 knock-out and wild-type CAR (CAR-70%0 and
CAR-70%"T) T-cells and evaluated their manufacturing and anti-tumor capability. Single-cell RNA sequencing and TCR
sequencing were performed to further reveal the underlying differences between the two groups of CAR T-cells.

Results Our data showed that the disruption of target genes in T-cells before CAR transduction advantaged the expansion and
cell viability of CAR T-cells during manufacturing periods, as well as the degranulation, anti-tumor efficacy, and prolifera-
tion potency in response to tumor cells. Meanwhile, more naive and central memory phenotype CAR* T-cells, with higher
TCR clonal diversity, remained in the final products in KO samples. Gene expression profiles revealed a higher activation
and exhaustion level of CAR-70™T T-cells, while signaling transduction pathway analysis identified a higher level of the
phosphorylation-related pathway in CAR-70%° T-cells.

Conclusion This study evidenced that CD70 stimulation during manufacturing process induced early exhaustion of CAR-
70 T-cells. Knocking-out CD70 in T-cells prevented the exhaustion and led to a better-quality CAR-70 T-cell product. Our
research will contribute to good engineering CAR T-cells targeting self-expressed antigens.
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Introduction

Chimeric antigen receptor (CAR) T-cell infusion is one
of the most potent strategies for cancer therapy, which re-
directs T-cells to antigens expressed on tumors and medi-
ates the cytolysis [1, 2]. Besides B cells [3, 4], CAR T-cell
therapy for T-cell malignancies is intensively studied, but
research progressed slowly [5]. One of the obstacles is that
shared target expression between healthy and malignant
T-cells may induce fratricide of CAR-70 T-cells, hindering
their ex vivo production and in vivo anti-tumor function [6,
7]. Dissection and then elimination of such fratricidal phe-
nomenon are essential for developing efficient CAR T-cells
targeting self-expressed antigens.

CD70 is expressed in many tumors, like peripheral
T-cell lymphomas and clear cell renal carcinoma, offer-
ing an attractive therapeutic target for CAR T-cells [8—10].
More than ten clinical trials have been developed to inves-
tigate the efficacy of CAR-70 T-cells in cancer therapy
(NCT05420519, NCT05518253, and NCT05420545). How-
ever, the manufacture processes for CAR-70 T-cells varied,
with or without considering the potential fratricide of CAR
T-cells induced by CD70 expression on the activated T-cells
[11, 12]. Panowski et al. suggested that CAR-70 T-cells
based on a subset of specific single-chain fragment variables
(scFvs) can mask CD70 on themselves and therefore avoid
the fratricide [11]. While identifying such fratricide-resistant
binders was challenging, and no acknowledged guidelines
were available. CD27, the receptor of CD70, is the natural
binder of CD70. Sauer et al. reported that CAR-70 T-cells
employing the structure of CD27 to recognize CD70 had
an excellent anti-tumor performance without addressing the
issue of CD70-mediated CAR T-cells fratricide [13].

In this study, we aimed to elucidate the effect of target
expression in T-cells on the manufacture and function of
CAR T-cells, hoping to provide a reference for the engineer-
ing of CAR T-cells targeting self-expressed antigens. By
comparing CD70 wild-type CAR-70 (CAR-70%T) T-cells
with CD70 knocked-out CAR-70 (CAR-70%°) T-cells
through single-cell RNA (scRNA) and TCR (scTCR)
sequencing and in vitro functional experiments, we showed
that knocking-out CD70 in T-cells before CAR transduc-
tion benefited the manufacture and anti-tumor functionality
of CAR-70 T-cells, possibly due to reduced antigen-stim-
ulation-mediated early exhaustion. This project provides
a comprehensive understanding of the antigen-dependent
fratricidal phenomenon and its impact on CAR T-cells and
contributes to the establishment of new protocols for the
generation of CAR T-cells targeting self-expressed antigens.
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Materials and methods
Cells lines and culture

THP-1 (acute monoblastic/monocytic leukemia), MV4-
11 (acute monoblastic/monocytic leukemia), and Lenti-
X™293 T (human embryonic kidney cell) were purchased
from the American Type Culture Collection bank and
verified to be negative for mycoplasma. THP-1/MV4-11
and Lenti-X™293 T cells were maintained in RPMI-1640
(Gibco, USA) and DMEM (Gibco, USA), respectively.
Both mediums are supplemented with 10% fetal bovine
serum (FBS) (Gibco, USA). Luciferase-expressing cell
lines were established by lentivirus transduction and cul-
tured in mediums supplemented with 1 ug/mL puromycin.

CAR-70 Construction, lentivirus production, CD70
KO, and CAR-70 T-cell production

The second-generation CAR was constructed as follows:
Cusatuzumab-derived CD70- specific scFv fused to a
CD8a hinge/transmembrane domain, followed by a 4-1BB
co-stimulatory and a CD3( activation domain. A truncated
human epidermal growth factor receptor (tEGFR) was
incorporated following a 2A self-cleaving (T2A) sequence
as a safety switcher and detection marker.

The lentivirus encoding CAR-70 was produced by
Lenti-X™293 T cells using packaging plasmids (pMDlg/
PRRE, pRSV-Rev, and pMD2.G) and polyethyleneimine
transfection reagent (PEI Invitrogen, USA). Supernatants
containing the released virus were collected 48 h after
transfection and concentrated through super centrifugation
at 30,000 g for 2.5 h at 4 °C. The viral titer was measured
by fluorescence tittering assay using HEK-293 cells. The
virus was stored at -80 °C.

On day 0, T-cells were isolated from commercial
peripheral blood mononuclear cells (PBMC) (Milestone®
Biotechnologies, China) using anti-CD3 microbeads
(Miltenyi Biotec, Germany), activated by Dynabeads™
Human T-Activator CD3/CD28 (Thermo Fisher Scientific,
USA), and cultured in CTS medium (Gibco, USA) supple-
mented with 10% FBS, 200 IU IL-2 (Sigma-Aldrich, USA)
and 100 pg/mL L-Glutamine (Thermo Fisher Scientific,
USA). CD70 gene disruption was performed on day 1 by
electroporation with Cas9 protein and small guide RNA
targeting CD70 (Genscript Biotech Corporation, China)
using the Celetrix system (Celetrix, USA). Eight hours
later, the CD70 KO T-cells were transduced with lentivi-
rus at a multiplicity of infection (MOI) of 5 to generate
CAR-70%0 T-cells. The cells continued to culture in fresh
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medium 24 h post-transduction at a density of 1~2x 10°
cells/mL.

CD107A degranulation assay

For degranulation in the absence of tumor cells, CAR-
70 T-cells were cultured in 10% RPMI-1640 and incubated
with 1:100 diluted PE/Cyanine7-conjugated CD107A
antibody (BioLegend, USA) and 1:500 diluted Monesin
(BioLegend, USA) for 4 h. The CD107A expression level
on CD8*CAR™ T-cells was then detected by flow cytom-
etry. For degranulation in response to tumor cells, CAR-
70 T-cells were co-cultured with tumor cells at a ratio of 1:1
and the CD107A expression was measured under the same
condition as described above.

Cytotoxicity assay

Tumor cell lines stably expressing firefly-luciferase were
used to assess the cytotoxicity of CAR-70 T-cells. After 24-h
co-incubation with tumor cells, luciferase activity (reflect-
ing the amount of the remaining live cells) was quantified
using Steady-Glo® Luciferase Assay System (Promega,
USA) and Synergy H1 microplate reader (BioTek, USA).
2% 10* tumor cells were added in triplicates. CAR* T-cells
were added according to the specified effector-to-target
ratio. Percentage of Lysis = (Luminescence o celis only™
LurrlinescenceCAR_70 T-cells + Tumor cell) / Lunﬁnescence[umor cells only*

Repetitive antigen stimulation assay

After three times washing by phosphate-buffered saline
(PBS), mitomycin C (1 pg/mL) overnight-treated tar-
gets (MV4-11 and THP-1) were used to stimulate CAR-
70 T-cells at an effector-to-target ratio of 3:1. A round of
stimulation was defined as 3-day co-culture in a complete
T-cell medium. The absolute number of CAR-positive cells
before and after stimulation was obtained from total cell
counting and CAR-70 positivity rate measurement. The
expansion rate was calculated by dividing the number of
CAR-positive cells after stimulation by the number before
stimulation. After each round, a certain amount of CAR-
70 T-cells from the last pool were picked and used for the
next round of stimulation. The cumulative proliferation rate
of CAR-positive cells was the product of the expansion rate
in each round.

Flow cytometry

Samples were washed by washing buffer (PBS supple-
mented with 2% FBS) and then stained with antibodies
at room temperature for 15 min in the dark. Anti-CD70-
PE (clone:113-16, BioLegend, USA) was used for CD70

detection. For the degranulation assay, the staining panel
was anti-EGFR-APC, anti-CD8-BV421, and anti-CD107A-
PE/Cy7. The staining panel for memory T-cell subpopula-
tion detection was anti-CD45RA-APC, anti-CCR7-BV421,
anti-CDS8-FITC, and anti-EFGR-PE. After twice washing,
samples were ready for acquisition by MACS Quant Ana-
lyzer 10 (Miltenyi Biotec, USA). Data were analyzed by
FlowJo (Version 10.0.7, USA).

scRNA-seq data analysis

CAR-70"T T-cells and CAR-70%° T-cells were used for
scRNA sequencing on day 13 of the culture. The scRNA-
seq library was constructed by 10X Genomics according to
the manufacturer's protocol. For each sample, the expressed
genes were sequenced using Novaseq 6000 System (Illu-
mina, USA) with a paired-end 150-bp (PE150) reading
strategy (CapitalBio Technology, China). Cell Ranger (ver-
sion 4.0) aligns the reads of each sample's original gene
expression matrix pipeline with the human reference genome
(GRCh38). R package Seurat (version 4.0.6) [14] was used
for the subsequent processing of the qualified gene expres-
sion matrix. Following the data filtering, cells with greater
than 0.1% of gene expression and > 200 genes detection were
selected. Data from cells with < 500 unique molecular iden-
tifiers (UMI), or gene numbers < 500 or > 7800, or a percent-
age of mitochondrial genes (UMI derived from mitochon-
dria) > 15% were removed. The DoubletFinder method [15]
was then used to remove technical artifact doublets from the
data. The two samples data were integrated and corrected
for the batch effect and then normalized by the Normalize-
Data function. FindVariableFeatures were used to calculate
5000 features with a high degree of cell-to-cell variation.
Linear-transformation scaled data were generated by using
the ScaleData function with default parameters, and the
RunPCA function was utilized to reduce the dimensions of
the dataset. The FindNeighbors and FindClusters functions
were used to cluster cells, and the RunUMAP function was
used for nonlinear dimensional reduction.

Identification of CAR* T cells

According to the specific CAR sequence, cells can be
divided into T cells expressing CAR-RNA (CAR™) or not
(CAR"). The average depth of the CAR sequence in each
sample was used to estimate the expression level of CAR.
The level was normalized using the NormalizeData function
of the Seurat software package (version 4.0).

Elimination of the cell-cycle effect

Cells in the same cell cycle may be clustered together
although with different gene expression profiles. In order to
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remove the artifact of cell cycle on clustering, we implement
the CellCycleScore function in Seurat to evaluate cell cycle
status based on established G1/S and G2/M phase-specific
genes [16] and then the regressout in Seurat's ScaleData
function to remove the cell cycle effect.

Sequencing and analysis of V(D)J of TCR

The full-length cDNA fragment of TCR V(D)J was obtained
by using the single cell V(D)J enrichment kit per the manu-
facturer's protocol (10X Genomics). Using GRCh38 as a
reference, the gene quantification and TCR clonal allocation
were calculated using CellRanger (v.4.0) vdj pipeline. The R
package scRepertoire was used for TCR analysis of CAR*
cells [17]. Only cells with at least one productive TCR«
chain (TRA) and one productive TCRf chain (TRB) were
further analyzed. A clonotype is defined as every unique
TRA(s)-TRB(s) pair. The cloning degree is determined by
the cell numbers with the same clonotype. The UMAP pro-
files of different clones were obtained from the combined
information of scRNA-seq and scTCR-seq. In addition, the
STARTRAC (Single T-cell Analysis by RNA-seq and TCR
TRACKking) algorithm [18] was used to analyze the differ-
ences in distribution preference and clone expansion of two
CAR-T cells.

Evaluation of the cell subsets status

We normalized the expression of the genes using SCTrans-
form function in the Seurat package. The status of cell sub-
sets was assessed by the average expression level of specific
gene sets. The cytotoxicity genes (PRFI, IFNG, GNLY,
NKG7, GZMB, GZMA, KLRKI, KLRDI, CTSW, CST7),
the cell cycle genes [16], the exhaustion genes (CTLA4,
LAG3, PDCDI, CDI160, ENTPDI, HAVCR2, TIGIT) and
the apoptosis genes (ACINI, BIRC3, CYCS, NFKBI1, PARP1,
BCL2A1, CDKI) were used to identify the cytotoxic, pro-
liferative, exhaustion and apoptotic status, respectively. We
used Wilcox test for statistical analysis.

DEGs identification and functional enrichment
analysis

The FindMarkers function in the Seurat R package was used
to analyze the differentially expressed genes (DEG). Remark
the KO / WT sample as ident.1 / ident.2. Genes satisfy-
ing the following conditions were regarded as DEGs: lavg_
log2FCI>0.25, p <0.01, and expressed in> 10% of cells.
CompareCluster functions in the clusterProfiler R package
(v.4.0.5) were used for the enrichment. The pathway enrich-
ment analysis was performed using the GO database and
the KEGG database. For the associations among proteins
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enriched in the phosphorylation pathway, the analysis was
conducted in the STRING database [19] and visualized by
Cytoscape software [20].

Results

CD70 KO benefits the manufacturing
of CAR-70 T-cells

Given that CAR T-cells were commonly infused in patients
after approximately two weeks of culture in the clinical
practice [3, 21], the timeline of the study was intentionally
crafted to simulate real-world clinical settings, as illustrated
in Fig. 1A. CD70 expression in T-cells increased as the cul-
ture was prolonged. The CD70 knock-out (KO) efficiencies
were defined as the reduction of CD70 expression in CD70
KO T-cells compared with that of parental wild-type (WT)
T-cells, and ranged from 76.5% to 95.8% at day 7 and from
66.3% to 98.2% at day 14 (Fig. 1B). The expansion of CAR-
70%© T_cells is more robust than that of CAR-70%T T-cells
during the manufacturing culture (163.1 + 12.8 vs. 109.1 +
6.2, P=.037) (Fig. 1C), as well as the viability (93.4%+ 2.9%
vs. 84.1%=+ 2.5%, P=.013) (Fig. 1D). However, the propor-
tion of CAR-positive (CAR™) cells in the final product (at day
14 of culture) in the CD70 KO group is slightly lower than
that of the CD70 WT group (43.2%+ 9.5% vs. 31.5%=+ 8.7%,
P=.11). It was also found that the CAR expression consist-
ently increased in WT groups, but not in KO groups, which
may account for the higher CAR* positivity in WT samples.
(Fig. 1E). These data suggested that electroporation of the
Cas9/sgRNA complex can efficiently knock out CD70 in T
cells and benefit the proliferation and viability of the final
product.

CAR-70"° T-cells confer superior anti-tumor
functionality than CAR-70"" T-cells

We then compared the anti-tumor functionality of CAR-
70%0 T-cells and CAR-70"T T-cells at day 13 ~ 15 of cul-
ture, the same as the time of CAR-T infusion in patients.
In response to CD70 highly expressed THP-1 cell line,
the expression of CD107A (lysosomal-associated mem-
brane protein-1, a marker of T-cell’s degranulation) in
both CAR T-cells specifically increased compared with the
control T-cells. Moreover, the degranulation level in CAR-
70%0 T-cells was significantly higher than that of CAR-
70V T-cells (74.4%+ 2.1% vs. 65.9%+ 4.3%, P=.028)
(Fig. 2A). The same phenomenon was observed upon
stimulation of CD70 moderately expressed MV4-11 cell
line (60.7%=+ 4.1% vs. 49.9%=+ 3.0%, P=.004) (Fig. 2B).
Also, both CAR T-cells showed strong cytotoxicity against
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Fig.1 CD70 knock-out and production of CAR-70 T-cells. A Design
of the study. B Typical flow cytometric dot plot of CD70 expression
in WT T-cells and KO T-cells, and the calculated CD70 KO effi-
ciency at day 7 (n=5) and day 14 (n=6) of the culture. C The cumu-
lative proliferation of CAR-70%T T-cells and CAR-70%° T-cells at

THP-1 (Fig. 2C) and MV4-11 (Fig. 2D) cell lines. The
cytolysis of CAR-70%C T-cells for THP-1 was signifi-
cantly superior to that of CAR-70"T T-cells in donor 1
(94.7%+2.3% vs. 89.3%=+ 2.3%, P =.047) but comparable
in donor 2 (98%=+ 0% vs. 98%=+ 1%, P> .99). However,
improved cytotoxicity of CAR-70%C T-cells against MV4-
11 was observed in both two donors (donor 1: 55.0%=+
8.2% vs 25.3%+ 6.7%, P=.008; donor 2: 85.7%+ 2.1% vs
50.7%= 9.3%, P = .003). In the repetetive antigen stimu-
lation assay, CAR-70%° T-cells exhibited better prolifera-
tion ability than CAR-70"T T-cells in response to both
THP-1 (Fig. 2E) (cumulative expansion fold: 107.0 vs.
50.0 for donor 1; 1284.0 vs. 84.3 vs. for donor 2) and
MV4-11 (Fig. 2F) (cumulative expansion fold: 83.5 vs.
45.1 for donor 1; 1140.0 vs. 139.0 for donor 2), implying

different days of culture (n=3). D The viability of CAR-70™ T T-cells
and CAR-70%C T-cells at different days of culture (n=3). E The posi-
tive rate of tEGFR (the proportion of CAR" cells) at day 7 and day 14
of the culture. A pair of WT and KO samples were indicated by the
same point shape. Paired t-test was used and *P <.05

better expansion of CAR T-cells in vivo upon stimulation
of tumor cells. In general, CAR-70X° T-cells performed
better than CAR-70"T T-cells in response to tumor cells.

CAR-70¥°T-cells possessed a higher proportion
of naive and central memory CAR" cells

To determine the mechanism underlying the better function
of CAR-70%° T-cells against tumor cells, we performed
scRNA-seq and scTCR-seq for the final CAR-T products.
After strict quality control, we obtained about 6k cells per
sample, of which CAR" cells accounted for 41.2% and 30.7%
(Fig. S1A and B). Since the cell cycle significantly impacted
the data, its fraction was regressed to leave biologically
significant differences (Fig. S1C and D). As a result, 4,647

@ Springer
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Fig.2 Functional evaluation of CAR-70"T T-cells and CAR-70X°
T-cells. A and B Typical dot plot and statistics of the CD107A
expression in CD8*CAR™* T-cells after 4-h stimulation of THP-1
(CD70++) A and MV4-11 (CD70+) B at an effector-to-target (E:T)
ratio of 1:1 (n=3, * P<.05, **P<.0l, paired t-test). C and D the
lysis percentage of THP-1 (C) and MV4-11 D after 24-h co-culture of
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CAR-70%0 T-cells and CAR-70%T T-cells from two different donors
(n=3, * P<.05, **P<.01, ns, no significance, t-test). The E:T ratio
for THP-1/MV4-11 was 1:1/3:1. E and F the cumulative expansion of
CAR*-70%T T-cells and CAR*-70%C T-cells after repeated THP-1 E
and MV4-11 F stimulation from 2 different donors
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Fig.3 CAR-70%C T cells possessed a superior phenotype. A UMAP
diagram of CAR-T cells of different cell subsets according to marker
gene expression (right). Each dot represents a cell, and different
colors represent different subsets. The histogram shows the propor-
tion of different cell subsets in each sample (left). B The bubble chart
shows the expression ratio of typical marker genes of each cell subset,
and cell types are determined by these genes. C The typical dot plot

CAR™ cells with 20,177 genes were obtained for further
analysis. CAR™ cells were clustered into ten subsets based on
their marker genes (Fig. 3A, B), without a unique population
in the KO or WT sample. We found that CD4" central

of flow cytometry of the memory phenotype of KO/WT CAR*CD8~
T-cells, KO/WT CDS8~ T-cells, and the statistics of fold changes of
naive and central memory population of KO groups relative to WT
groups (n=3).The same point shape refers to a pair of WT and KO
sample. D The STARTRAC-dist index estimated the cell type prefer-
ence of WT and KO CAR-T samples. E Clone diversity of each cell
type (Inv. Simpson index)

memory (25.9% vs. 18.8%) and CD4" naive (16.0% vs. 9.5%)
subsets were predominantly enriched in the KO CAR™ pool
when compared with the WT (Fig. 3A). Results from flow
cytometry were consistent: the proportion of CD8™ naive
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T-cells (CD8"EGFRYCD45RA*CCR7%) and CD8~ central
memory T-cells (CD8"EGFRTCD45RA™CCR7%) in CAR-
70%° T_cells is averagely 2.9 and 1.6 folds of that in CAR-
70%T T-cells in three different donors (Fig. 3C). Moreover,
our data revealed a decreasing trend in the proportion of
CDS8™ naive cells within KO T-cells when compared to WT
T-cells (Fig. 3C). This indicates that the greater proportion
of naive CAR" cells in KO samples was not a result of the
lack of CD70 signaling but rather, it was likely induced by
the CAR signaling triggered by CD70. By utilizing scTCR-
seq, we examined the cloning of the ten subsets of CAR*
cells in the two samples. The result from the STARTRA
C algorithm indicated that the TCRs of the CD4* central
memory and CD4* naive subsets were more abundant in the
KO samples (Fig. 3D). Additionally, the clonal diversity of
the two subsets was higher in the KO samples than in the
WT samples (Fig. 3E). These data collectively suggested
that knock-out CD70 in CAR-70 T-cells led to an enrichment
of naive and central memory CD4*CAR™ cells and increased
TCR diversity.

CD70 KO improved the functional status
of CAR-70 T-cells

Next, we analyzed the functional status of CAR-70 T-cells,
including the cytotoxicity, proliferation, exhaustion, and
apoptosis, by evaluating the expression levels of the cor-
responding genes. The results showed that in the CAR™"
pools, the KO sample had significantly lower cytotoxicity

Fig.4 The functional status of KO and WT CAR-T cells. A-D Vio-
lin plots of cytotoxicity score A, proliferation score B, exhaustion
score C, and apoptosis score D. Wilcox test was used for A-D. E
The CD107A expression level in CD8*CAR™* cells of KO groups
and WT groups without tumor cell stimulation (n=3, paired t-test).
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(P<2.22¢-16), proliferation (P < 2.22e-16), exhaustion
(P <2.22e-16), and apoptosis (P=.012) scores compared
to the CAR-70"T sample (Fig. 4A-D). Meanwhile, in the
absence of tumor cell stimulation, CD8*CAR-70X° T-cells
had a higher degranulation level than the CDS*CAR-70WT
T-cells (6.6% +1.9% vs. 4.0% +1.1%, P=.030) (Fig. 4E).
These data collectively indicated the activation of CAR-
70%T T-cells induced by CD70 stimulation, which led to
their early exhaustion. The differentially expressed repre-
sentative genes regarding cytotoxicity (e.g., CST7, CTSW
and PRF1), proliferation (e.g., TMPO, MKI67 and TYMS),
exhaustion (e.g., LAG3, HAVCR?2 and CTLA4) and apop-
tosis (e.g., PARPI, ACINI and BIRC3) are summarized in
Fig. 4F. In conclusion, compared to CAR-70%° T-cells, the
higher transcriptional levels of cytotoxicity, proliferation,
differentiation, and exhaustion in CAR-70™T T-cells implied
the fratricide of CAR-70™T T-cells induced by the CD70
stimulation. Knock-out of CD70 prevented CAR-70 T-cells
from pre-activation and early exhaustion.

CAR-70"° T-cells exhibited higher
phosphorylation-related pathway

To delve deeper into the molecular mechanism underlying
the difference between KO and WT samples, we analyzed
the functional enrichment of the differentially expressed
genes (DEGs). We first extracted the up-regulated and
down-regulated genes in KO samples compared with WT
samples according to the cell subsets (Fig. 5A) and identified

F The bubble chart shows the expression of typical genes used in the
cell status score of two samples. Statistical significance: * P <.05, **
P<.01, #* P<.001; **** P<.0001, while ns indicates non-signifi-
cance
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Fig.5 The differential genes between KO and WT CAR-T and their
functional enrichment. A The histogram shows the statistics of the
number of differential genes in each cell subset under the threshold of
| 1og2FC 1>0.25, min. pct=0.1, p<.01) (ko vs. wt). B Volcano map
of up-regulated and down-regulated genes of CD4" central memory
T-cells, with the top-10, differentially expressed genes marked. C
GO pathway with significantly enriched DEGs in KO CAR-T sample
compared with WT CAR-T sample in CD4* central memory T-cells
(P<.01). D A network diagram of the interactions of the phospho-

148/182 up-regulated and 67/101 down-regulated genes in
CD4* central memory/naive T-cells (Fig. 5A). Moreover,
105 up-regulated and 15 down-regulated genes were found
in the both subsets (Figure S2A). The DEGs were visualized
in the volcano maps (Fig. 5B, Figure S2B). Seven out of the
top-10 up-regulated and 6 out of the top-10 down-regulated
genes overlapped in the central memory and naive CAR™
T-cells, indicating similarity in the differences between KO
and WT samples of the two subsets. Furthermore, we con-
ducted the GO analysis of the DEGs in CD4" central mem-
ory/naive T-cells and identified 22 (15 up-regulated and 7

rylation-related proteins was constructed based on the phosphoryl-
ation-related pathways in Figure C. The size of the node represents
the number of proteins that interacted, and the thickness of the con-
nection line represents the interaction intensity. Red nodes represent
the central proteins with the most interactions with the remaining pro-
teins, and purple nodes represent the proteins in the top 10 with fold
enrichment. Red lines indicate direct interaction with central proteins,
black lines indicate direct interaction with the top 10 proteins, and
dotted lines represent interactions between the remaining proteins

down-regulated) /27 (18 up-regulated and 9 down-regulated)
functional terms, involving proliferation and differentiation,
cell killing, and phosphorylation-related pathways (Fig. 5C,
Figure S2C). In general, the KO group displayed reduced
levels in proliferation, differentiation, and cell-killing path-
ways, implying a limited antigen-stimulation-mediated
activation in CAR-70%° T-cells. However, the KO groups
showed significantly enhanced activity in the phosphoryl-
ation-related pathway, which is closely associated with the
functionality of CAR T-cells. We further analyzed the inter-
actions among the phosphorylation-related genes and found

@ Springer



Cancer Immunology, Immunotherapy

that AKT1 (essential for the PI3K-Akt signaling pathway)
and HRAS (vital for the RTK-Ras-MAPK pathway) were
in the central position of the network maps (Fig. 5D). The
genes, MAP2K?2 and CD81, with essential roles in the phos-
phorylation network, were also among the top-10 up-regu-
lated genes in KO groups (Fig. 5B, S2C), consistent with
the altered phosphorylation level in the CAR-70%° T-cells.
Additionally, the KEGG analysis generated similar results
(Figure S2D, E).

Discussion

The possible fratricide of CAR T-cells mediated by the
shared antigens on healthy T-cells hindered its development
in the therapy for T-cell malignancies [22, 23]. To address
this issue, our study employed Cas9/sgRNA gene-editing
technology [24] to knock-out CD70 before the transduction
of the CAR lentivirus. Our results demonstrated that CAR-
70%O T_cells had a better expansion, viability, and anti-tumor
efficacy than CAR-70™T T-cells. Further analysis of scRNA-
seq and scTCR-seq data supported the fratricide phenom-
enon of CAR-70™T T-cells. Thus, this study highlights the
detrimental effects of antigen-induced fratricide on the
manufacturing, function, and transcriptional status of CAR
T-cells, and proposes a practical strategy to overcome the
limitations imposed by shared antigen between healthy and
malignant T-cells in CAR T-cell therapy. However, verifica-
tion of this phenomenon in a tumor xenograft mouse model
is absent in this study and is urgently needed.

CD70 is a pan-cancer target up-regulated in various
T-cells malignancies and solid tumors, making it an attrac-
tive therapeutic target for CAR T-cells [10, 25-28]. How-
ever, this study suggested that CD70 expression in activated
T-cells can lead to fratricide of CAR-70 T cells, interfering
with their production and anti-tumor functions. Addition-
ally, other reports have described the deficient expansion
of the engineered CAR T-cells targeting another self-
expressed antigen, like CD26 and CD7 [7, 29]. Moreover,
antigen expression in CAR T-cells mediated by trogocy-
tosis can even result in fratricide and exhaustion, leading
to the depressed activity of CAR T-cells and subsequently
the relapses of diseases [6]. Altogether, target expression in
T-cells tends to disadvantage the production and function
of CAR T-cells. To circumvent this issue, some research-
ers have selected target negative T-cells to produce CAR
T-cells to avoid fratricide, like CD7-CARCD7- T-cells [30].
However, the number of these T-cells in peripheral blood
is small, and activation-induced expression targets, like
CD70, are unsuitable for this strategy. In the present study,
CRISPR gene-editing technology was utilized to disrupt the
CD70 gene in T-cells with good practicability and univer-
sality. Nevertheless, the effectiveness of gene editing and
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the risk of unpredicted events due to off-target effects are
significant limitations [31]. Notably, CD70 was reported to
play arole in T-cells’ priming, expansion, and differentiation
by activating CD27 signals [32], which must be considered
when knocking-out CD70 in T-cells. We found that after
the depletion of CD70, the expression of CD27 in CAR™
T-cells and T-cells both increased compared to WT controls.
While CD70 was undetectable at day 6 of culture in both
CAR-70"T and CAR-70%0 T-cells, indicative of the absence
of CD27 signals in both CAR-70 T-cells (Supplementary
Fig. 3). A model of CAR T-cells targeting antigens other
than CD70 is required to investigate the role of CD70 on
CAR T-cell functions.

Data from scRNA-seq and scTCR-seq indicated a higher
proportion of both naive and central memory CAR™ T-cells
cells [18]. It was well established that T-cells with naive or
central memory phenotype have a greater potential for pro-
liferation and long-term survival [18, 33]. Research on anti-
CD19 CAR T-cells also indicated that a higher frequency
of CD8TCD45RAYCCR7TCAR T-cells (which have a cen-
tral memory phenotype) in the infused products is associ-
ated with improved expansion of CAR T-cells in vivo and
more favorable clinical response [34]. In the study, a higher
proportion of naive and central memory CAR™ cells was
observed in the KO sample, which may explain the more
robust expansion of CAR-70%° T-cells in the repetitive
antigen stimulation assay and suggest enhanced potency of
survival and proliferation of CAR-70%° T-cells in vivo after
repetitive encounters with the targets. Meanwhile, the TCR
diversity of the naive and central memory CAR™ subsets
in the KO sample was higher than that of the WT sample,
further supporting the greater proliferative and functional
potential of naive and central memory CAR™ cells in KO
than those in the WT sample.

In the analysis of the functional status of CAR* cells, we
found that WT CAR™ cells had a higher cytotoxic score but
exhibited weaker anti-tumor efficacy; had a higher prolifera-
tive score but expanded less after repeated antigen stimula-
tion. Together with the higher score of exhaustion and apop-
tosis, these implied the fratricide of CAR T-cells in the WT
sample, where CD70 stimulated the activation of CAR-70™T
T-cells, followed by exhaustion and apoptosis, resulting in
diminished anti-tumor functions. However, there was no
direct evidence of CAR T-cells attacking each other. In vivo,
the interaction between CAR T-cells and CD70-expressing
tumor cells also led to similar problems of "fratricide"
exhaustion after activation. Our data hinted that LAG3 but
not PDCD]1 was predominantly expressed in exhausted WT
CAR™ cells. It is worth exploring whether blocking LAG3
signaling can inhibit CAR T-cells exhaustion or restore
its function ex vivo and in vivo. Further understanding of
CAR T-cells' exhaustion and tuning the balance between
activation and exhaustion are urgently required to overcome
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the problems of self-targeting CAR T-cells fratricide and
develop sustained well-functional CAR T-cells in vivo.

Interestingly, naive and central memory CAR™Y cells in
the KO sample up-regulated phosphorylation-related path-
ways compared to the WT sample. The activation of T-cells
involves the phosphorylation of sequential molecules, such
as Lck and ZAP70 [35]. Previous research indicated that
altering the phosphorylation of crucial molecules can modu-
late T-cell activation and proliferation [35]. Recent studies
showed that larger-magnitude changes in protein phospho-
rylation upon CAR stimulation correlated with increased
CAR T-cells effectiveness [36]. The up-regulation of the
phosphorylation-related pathway in naive and central
memory CART™ cells of the KO sample strongly implied
improved function than that of the WT sample. MAP2K?2
and CD81 were among the top 10 up-regulated DEGs in the
KO sample and were concurrently present in the network
of phosphorylation-related protein interaction. Meanwhile,
AKT1 and HRAS are well acknowledged to positively influ-
ence the activation of T-cells, further supporting the high
confidence of our results and indicating the vital role of
MAP2K?2 and CD81 in regulating phosphorylation signaling
and CAR T-cells activation. Taken together, the increased
phosphorylation pathways in CAR-70%° T-cells confirmed
their improved function and offered insights into enhancing
CAR T-cells potential.

In conclusion, this study on CAR-70 T-cells showed that
CAR T-cells targeting antigens expressed in T-cells may
undergo fratricide during the culture process, resulting in
diminished expansion and anti-tumor function. Depletion
of naive and central memory subsets, as well as increased
exhaustion level in CAR T-cells following target stimula-
tion may account for the impaired anti-tumor function. By
gene-editing technology, knocking out targets in T-cells
can prevent CAR T-cells' fratricide and avail their function.
However, more studies are necessary to comprehensively
understand the phenomenon of CAR T-cells fratricide and
develop strategies to address it.
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